Nuclear fusion in newly formed Chlamydomonas reinhardtii zygotes can be inhibited by drugs that affect microtubule stability, which include colchicine, amiprophosmethyl, oryzalin, and taxol. This inhibition can be monitored genetically by the production of haploid meiotic products from conjugations between haploid and diploid parents. Such zygotes would normally produce aneuploid progeny. Inhibition of nuclear fusion by colchicine requires treatment of gametic cells both before conjugation and after formation of the zygotes.
After conjugation between Chlamydomonas cells of opposite mating-type, the newly fused cells can follow one of two pathways. Most cells become dormant zygotes competent to complete meiosis with the appropriate nutritional regimen (1, 2) . The remainder of the cells, which represents between 2% and 10o of the successfully mated cells, become stable mitotically dividing diploid cells (3) . Diploid cells, which are genotypically identical to zygotic cells, cannot be induced to enter the meiotic pathway directly to produce haploid progeny. However, diploid cells heterozygous at the mating-type locus retain the ability to mate as mating-type minus cells (4, 5) . Therefore, diploid cells can re-enter the meiotic pathway by mating with haploid mating-type plus cells. Triploid zygotes are formed, and these cells complete meiosis. Asci with four spores are then formed, but only 15-20o of the spores produce colonies, and these cells are aneuploid (6) . Diploid cells can also be analyzed through a tetraploid meiosis after conjugation between two diploid cells because diploid cells with a mating-type plus phenotype can be formed either by polyethylene glycol-mediated fusion (7, 8) or from a previous tetraploid meiosis (8) . Four-spored asci are recovered; most spores are viable and are diploid.
Although diploid Chlamydomonas cells retain the ability to mate, the completion of nuclear fusion produces a triploid cell when mated to a haploid cell. If nuclear fusion were inhibited in zygotes formed from these matings and the independent nuclei were induced to enter meiosis by signals acting through the cytoplasm, haploid meiotic progeny could then be recovered from a diploid cell. Two examples of this approach exist. (i) A mutant, karl-i, in Saccharomyces cerevisiae blocks nuclear fusion (9) . In zygotes formed between MATa/MATa diploid cells, which cannot sporulate themselves, and MATa haploid cells that carry the karl-i mutation, nuclear fusion is inhibited. When these binucleated zygotes are placed immediately into sporulation medium, the diploid nucleus enters meiosis and four haploid progeny are produced from the diploid parent(s) (10, 11) . Two haploid progeny are also recovered from the haploid parent. (ii) Treatment of cells with compounds that depolymerize microtubules prevents nuclear fusion. In Saccharomyces, treatment of mating cells with benomyl prevents nuclear fusion in newly formed zygotes (12) . In Tetrahymena, migration of the gametic pronuclei and nuclear fusion is inhibited by a variety of antagonists of microtubule integrity (13, 14) . In sea urchin embryos, colcemid or hydrostatic pressure treatment prevents nuclear migration of the male pronuclei after fertilization, and consequently nuclear fusion is blocked (15) (16) (17) .
The ability to resolve diploid cells into haploid cells in Chlamydomonas would be useful in many kinds of genetic analyses. I therefore sought a practical method for obtaining meiotic products from Chlamydomonas diploids. This paper presents such a method, in which nuclear fusion in Chlamydomonas is inhibited by colchicine and other agents that affect microtubules. All these drugs inhibit cell division and assembly of flagellar axonemes in Chlamydomonas, but they do not affect the stability of assembled flagellar microtubules (ref. 18 , and unpublished observations). Early stages of conjugation in Chlamydomonas can be inhibited by colchicine at 10 mg/ml (19) .
MATERIALS AND METHODS
Genetic Analysis. Genetic analysis was performed as described (2, 20, 21) . Diploid strains were constructed using complementing arg2 and arg7 mutations by the method of Ebersold (3) . The arg2 and arg7 strains were obtained from F. Lux (University of Colorado).
Drug-Treated Matings. Gametic cells were grown as described (21, 22) . Cells were scraped from agar plates into low-nitrogen medium (1) for gametogenesis. Sterile solutions of colchicine (or other compounds) were added 1 hr after resuspension; this interval allows flagella to assemble. In other experiments, timing of the addition and time before plating were varied. After plating zygotes, the plates were exposed to light for 24 hr at 21'C and then stored in the dark for 4 days before exposure to chloroform vapors. Zygotes were dissected onto Sager and Granick medium I (1) with 2% agar containing arginine at 2 ug/ml and one-tenth the normal
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S. or 137 mt-); viability of the meiotic products in this test cross was measured, and segregation of the five drug-resistance loci was monitored. In the progeny from four of the five tetrads, >93% of the spores produced macroscopic colonies after 5 days at 21'C ( Table 1 ). For one tetrad (no. 11), two spores produced at least 90%o viable progeny, whereas zygotes from matings with the other two spores failed to sporulate. This failure to complete meiosis is not understood, but the phenotype is not that of the aneuploid cells produced by a triploid meiosis. In the remaining 18 crosses that did sporulate, genetic markers segregated as expected for monosomic chromosomes. Strains that were resistant to a drug segregated 2R:2S spores; strains that were sensitive to a drug segregated OR :4s spores (data not shown). The 18 spores that sporulated appear to be euploid by the criteria of meiotic viability and segregation of genetic loci. The strategy of using the production of four viable meiotic products as an assay for inhibition of nuclear fusion seems valid. By the genetic criteria presented, these progeny apparently result from two meiotic divisions of the diploid nucleus and contain no contribution from the haploid nucleus.
Inhibition of Nuclear Fusion. Algae are unusually resistant to the effects of colchicine (19, 24) , perhaps due to a permeability barrier. The drug concentration required to inhibit cell division is high compared with that required for mammalian cells. Diploid and haploid Chlamydomonas cells were treated separately with 10 mM colchicine during gametic differentiation in liquid medium for differing periods, mated in the presence of the drug, and plated onto 4% agar medium 1 hr after mixing gametic cells. Plating of cells dilutes the colchicine present. Colchicine was added 4, 3, 2, 1, and ½ hr before mixing gametic cells and at time of mixing (O hr). The percentage of tetrads that produced four macroscopic colonies after 5 days of growth was monitored. Without colchicine, only one ascus out of 131 tetrads dissected produced four viable spores. These four spores were not euploid by the criterion of segregation of loci from the diploid parent. Increasing time of colchicine exposure increased the percentage of zygotes that produced four viable colonies (Fig. 1) (Table 2) , and the percentage of zygotes that sporulated was reduced (data not shown). Because the assay monitors production of viable colonies, reduction by higher concentrations of colchicine may reflect the deleterious effects of colchicine rather than any increase in completion of nuclear fusion.
To test whether the effect of colchicine was reversible, cells treated 3 hr or 4 hr before mating were washed with fresh medium before mixing the two gametic cultures. The percentage of zygotes that produced four viable spores dropped to 3.2% (n = 63) and 3.4% (n = 59) for the cultures treated for 3 and 4 hr, respectively, before mating. Although this percentage is higher than for untreated controls, it was dramatically reduced relative to cells exposed continuously to colchicine and is comparable to the percentage seen when colchicine was added at the time of mating. Treated zygotes appeared to recover after colchicine was removed. In addition, this result suggests that colchicine is required both before and after mixing of the gametic cultures to inhibit nuclear fusion.
Several groups have observed that nuclear fusion is delayed after cytoplasmic fusion for 1a-4 hr (19, 25, 26) ; therefore, a period may exist between cytoplasmic fusion and nuclear fusion in which colchicine must be present to inhibit Time of plating after mixing (hrs) (Fig. 2) . Cultures that received colchicine at the time of mixing and were plated 5 hr later produced only 3.2% asci with four viable spores (n = 94). In summary, it appears that nuclear fusion can be inhibited by colchicine treatment and that the efficiency of this inhibition is correlated to time of colchicine exposure both before and after mating. But there is not a single window period during which colchicine is essential.
No genetic markers were recovered from the haploid parent in the above-described crosses. Although no viable colonies contain markers from the haploid parent, six-spored asci were seen in colchicine-treated haploid x diploid crosses in Chlamydomonas. Two of these spores were never viable; these two spores were about one-third to one-fifth the diameter of the other four spores, and they failed to divide (n = 460). Whenever these small spores were seen, the other four spores were products of the diploid nucleus. However, these small spores were not seen from every zygote that produced four viable haploid colonies (only 230 of 680 zygotes produced small spores). This failure to see six-spored asci in every nuclear-fusion-inhibited zygote may have reflected their small size, failure to package the nuclear contents into spores, or loss of mechanical integrity. Compounds were added to cultures of strain 16012 (arg2/arg7 act2/AC72 eryl/ERYI spri/SPRI mtM/mtP) and strain 137 mt' 1 hr after gametogenesis began, and cells were plated 4 hr after mixing the two gametic cultures.
Effects of Other Antagonists. Several agents that affect microtubule integrity were assayed for inhibition of nuclear fusion. Amiprophos-methyl and oryzalin cause depolymerization of microtubules in higher plants (27) (28) (29) . Gametic cells were treated with 5 uM amiprophos-methyl and 10luM oryzalin for 4 hr before mating and for 5 hr after mixing gametic cells. Both compounds at the concentrations tested inhibited cell division (data not shown). Inhibition of nuclear fusion was seen, but the percentage of affected zygotes was lower than in the colchicine-treated cells (Table 3) .
Taxol stabilizes microtubules from many organisms in vitro (30) ; however, taxol also inhibits cell division (31) . Taxol inhibited Chlamydomonas cell division (data not shown) and nuclear fusion at a concentration of 100 ,uM (Table 3) .
Recombination in Colchicine-Treated Zygotes. Recombination distances on linkage group XVIII between anil and spri and on linkage group XIX between flalO and pflO were monitored in several different crosses. Diploids heterozygous for all four mutations and diploids heterozygous for linkage group XVIII or XIX loci were treated with colchicine for 4 hr before mating to wild-type haploid cells (strain 137 mt+). Distances were compared with the same interval in zygotes made from haploid parents of the diploid strains.
Recombination was not changed in the diploid parent by treatment with colchicine compared with the level seen in the parental zygotic crosses (Table 4) .
Evidence for Cytoplasmic Fusion. Were markers from cytoplasmic organelles recovered from zygotes in which nuclear fusion was inhibited? The chloroplast genome can easily be marked with a number of drug-resistance mutations (32, 33) . For this experiment, the haploid strain was marked with a chloroplast mutation that conferred resistance to streptomycin at concentrations of 100 ,.g/ml (34) . Euploid colonies that arose from nuclear-fusion-inhibited zygotes, as monitored by the regular segregation of nuclear markers, and aneuploid colonies that arose from zygotes that underwent a triploid meiosis were scored for the cytoplasmic streptomycin-resistance phenotype. Among aneuploid spores, 78 of 105 (74%) were resistant to streptomycin; this value is similar to previously reported data (35) . Among euploid tetrads, the segregation patterns of 4R:OS (12 tetrads), 3R:lS (15 tetrads), and 2R:2' (8 tetrads) were found; 78% of these spores were resistant to streptomycin. No lR:3S or OR:4s tetrads were found. Thus, chloroplast markers of the haploid parent are recovered in the meiotic progeny that contain nuclear information from only the diploid nucleus. This result proves that cytoplasmic fusion occurred between the haploid and the diploid parents. In addition, segregation of the chloroplast appeared unaffected by nuclear fusion; similar recovery of the two parental contributions was seen in both classes of zygotes.
DISCUSSION
Zygotes produced by conjugation between haploid and diploid Chlamydomonas cells that have been treated with antagonists of microtubule integrity show an elevated frequency of viable meiotic progeny. This elevated frequency of viable spores apparently results from an inhibition of nuclear fusion between the diploid and haploid nuclei after cytoplasmic fusion. Inhibition can occur after treatment ofone orboth parents, and the greatest inhibition is seen when the cultures are treated both before and after mixing. Several lines of genetic evidence support this conclusion. (i) The recovered progeny have the genetic markers of the diploid parent in the cross, and these spores, by all criteria tested, appear to be haploid and euploid. (ii) Diploid cells are not induced to enter meiosis by treatment with colchicine alone; cells must mate to produce viable progeny (data not shown). Further evidence for the mating requirement is the recovery of cytoplasmic markers from the haploid parent in meiotic progeny of all such inhibited zygotes scored. (iii) In drug-inhibited crosses between two diploid parents, eight viable progeny are recovered. These progeny appear haploid, and assortment of markers between the two parents is not seen (S.K.D. and J. A. Holmes, unpublished work).
Requirements for the Inhibition of Nuclear Fusion. Inhibition can be achieved with a variety of drugs, which share the common property that they affect the integrity of dynamic microtubules; the assembly of flagellar microtubules is not disrupted by these drugs (18, 19) . However, it is possible that other cellular processes besides microtubules are being affected by these drugs and that nuclear fusion is affected only indirectly by these treatments.
If microtubules were directly involved, the observation that taxol inhibited nuclear fusion suggests that the ability of microtubules to disassemble is also required for completion of nuclear fusion. The process of nuclear migration and subsequently nuclear fusion may depend on microtubule disassembly to let the two nuclei move together.
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